Abstract. The aims of the present study were to investigate the profiles of ovarian steroids and luteinizing hormone (LH) and the appearance of estrous signs in relation to luteolysis and ovulation in lactating and non-lactating cows and to examine the influence of lactation on those observations. Five lactating (daily milk yield of 28.4 ± 3.2 kg; mean ± SD) and five nonlactating cycling Holstein cows were examined. Their ovaries were monitored by ultrasonography daily during one estrous cycle. Blood samples were collected daily and then at 3-h intervals after luteolysis until ovulation. Estrous signs in terms of behavior, the vulva and the vagina were checked at 8-h intervals after luteolysis until ovulation. Profiles of progesterone, estradiol-17β and LH did not differ between the groups. There were no differences in the interval from luteolysis to ovulation (4.6 ± 0.5 and 4.2 ± 0.8 days) and the interval from the estradiol-17β peak to ovulation (34.2 ± 4.5 and 30.6 ± 3.9 h) between lactating and non-lactating cows. The interval from the peak of the LH surge to ovulation was 27 h in all cows examined. Appearance of estrous signs did not differ between the groups. The vaginal estrous signs were observed conspicuously in all cows examined, but the behavioral signs were not observed in 20.0% of the cows. The duration of behavioral signs (41.3 ± 23.6 h) was shorter (P<0.05) than that of the vagina (68.9 ± 25.4 h). These results imply that lactation might not interfere with the hormonal profiles from luteolysis to ovulation.
D
ecrease in the reproductive performance of modern dairy cows, such as low rates of estrus detection and subsequent low fertility after insemination, is a great concern in the dairy industry [1] [2] [3] . Estrus detection, in general, is primarily based on the observation of standing behavior of cows in estrus [4, 5] . However, recent studies reported that the expression of estrous behavior has been decreasing in modern dairy cows [1, [6] [7] [8] [9] . In these studies, the duration of standing estrus was less than 10 h [8, 9] , and more than one-third of the cows did not show standing estrus [7] .
Previous studies on endocrine events around estrus and ovulation have revealed that alterations in the concentrations of ovarian steroids and gonadotropins may influence expression of estrus and estrous signs. For example, Lyimo et al. [3] found high correlations between the estradiol-17β concentration and visual estrous symptoms. Another study suggests that high milk production decreases the duration of estrus, probably due to decreased circulating concentrations of estradiol-17β [10] . Suprabasal progesterone concentrations during the periestrous period, which may be caused by incomplete luteolysis and acute stress, could inhibit the expression of estrous behavior [11] and lead to delayed ovulation [12] . Some of these alterations have been reported in association with high milk production of modern dairy cows. However, it is still unclear whether lactating status itself could influence hormonal patterns around estrus and ovulation.
Facing the problem of low detection of standing estrus, alternative methods to predict estrus by using pedometers to measure physical activity [3, 13] or monitoring internal changes such as body temperature [14] are being used and developed in practice. Vaginoscopic examination is generally utilized as an additional aid for visual observations of estrous signs, especially in cows housed in tie-stall barns. This is because behavioral observations are often inadequate compared with those in cows housed in free-stall barns. The appearances of the vulval mucosa and cervical mucus are altered under the influence of estrogens [15] , which could be accurate indicators of the stage of the estrous cycle. There are only general data available on characteristics of the estrous signs in the vagina as well as those in the vulva. Temporal changes in vaginal estrous signs from luteolysis to ovulation have not been well examined in association with preovulatory hormonal profiles and other estrous signs. It is possible that there could be differences in the appearance of genital estrous signs between lactating and non-lactating cows.
Therefore, the objectives of the present study were to investigate comprehensively the profiles of ovarian steroids and luteinizing hormone (LH) and the appearance of behavioral and genital estrous signs in relation to luteolysis and ovulation in lactating and nonlactating dairy cows and to examine the influence of lactation on those observations.
Materials and Methods

Animals
Five lactating [one primiparous and four multiparous; 4.4 ± 2.2 (mean ± SD) years of age] and five non-lactating (one primiparous and four multiparous; 5.8 ± 2.2 years of age) Holstein dairy cows maintained at the dairy farm of the Tokyo University of Agriculture and Technology were used in the study. The lactating cows (98.0 ± 11.1 days postpartum) were housed in free stalls with open-air and sheltered areas and milked twice daily at 0900 and 1700 h. The average milk yield per lactation (305 days) was approximately 9,000 kg per cow. The average daily milk yield was 28.4 ± 3.2 kg at the beginning of the study. The non-lactating cows (381.0 ± 112.1 days postpartum) were reared in a paddock or tie stalls located adjacent to the free-stall area where the lactating cows were housed. They were confirmed clinically to have no general reproductive problems during their lactation period. The lactating cows were fed a diet based on Sudan hay, alfalfa hay cubes, corn silage and concentrate supplements after milking, and the non-lactating cows were fed Sudan hay and concentrate supplements at the same time as the milked cows. The diets were formulated according to the Japanese feeding standards for dairy cattle. At the beginning of the study, body weight (BW) was 650.0 ± 41.1 and 671.6 ± 52.9 kg for the lactating and non-lactating cows, respectively (P>0.1), and their body condition scores (BCS) were 3.3 ± 0.2 and 3.3 ± 0.3, respectively (P>0.1). The cows were confirmed to be clinically healthy and to have normal estrous cycles before the study. 
Ovarian ultrasonography
The experiment was started from the beginning of a cycle (day 0: day of ovulation) and continued until the following ovulation. Ovaries were examined daily throughout the study by rectal palpation and transrectal ultrasonography using a B-mode scanner (Ultrasonic Scanner HS-101V, Honda Electronics, Aichi, Japan) equipped with a 5.0-MHz linear array probe. All follicles and corpus lutea (CLs) that grew to greater than 6 mm in diameter were recorded by at least three cross-sectional images with maximal areas. Measurements of follicles and CLs were used to calculate the diameter (mean of the length and width).
Blood sampling
Blood samples (10 ml) were collected daily throughout the study. Blood was taken from a jugular vein into heparinized vacutainers (Venoject II, Terumo, Tokyo, Japan). For analysis of estradiol-17β, progesterone and luteinizing hormone (LH) concentrations before ovulation, frequent blood sampling at 3-h intervals was carried out at 1100 h beginning on the day after a decrease in diameter of the CL was confirmed by ultrasonography until ovulation. A catheter (14 gauge, 30-cm length; Medicut Catheter Kit, Nippon Sherwood Medical Industries, Tokyo, Japan) was inserted into a jugular vein at 0900 h on the day of blood sampling. During the frequent sampling period, cows were kept in designated pens located adjacent to the free-stall area and managed basically in the same manner as the other herdmates. Ten-milliliter blood samples were collected from the catheterized jugular vein into test tubes that contained 10 IU heparin. Plasma was separated by centrifugation at 3,000 rpm for 20 min at 4 C immediately after blood collection and stored frozen at -20 C until assay.
Observation of estrous signs
Estrous signs were observed in terms of behavior, the vulva and the vagina at 8-h intervals (at 0700, 1500 and 2300 h) from the day of confirmation of luteolysis by daily ultrasonographic examination until ovulation. First, cows were observed for behavioral changes for 30 min including restlessness and bellowing. Restlessness was checked for with the following behavioral characteristics [16] : not showing any interest in feed while other cows were eating, sometimes standing while other cows were lying, teasing nearby cows, paying close attention to the people working nearby and sometimes trying to mount them. After observation, the cows were restrained with a rope and checked for external genital changes including hyperemia and swelling of the vulva and mucous discharge from the vulva. Then, vaginoscopic examination was carried out according to the method described by Lu et al. [17] to monitor intravaginal changes including hyperemia, swelling and relaxation of the vaginal portion of the cervix and mucous discharge from the external uterine orifice. Intensity of estrous signs was assessed comprehensively from the above changes using a three-point scale (1 = no signs, 2 = moderate signs, 3 = conspicuous signs). In particular, the following criteria were used for assessing behavioral intensity: a score of 1 indicates that no behavioral change was observed; a score of 2 indicates some of behavioral changes were observed; and a score of 3 indicates almost all of the behavioral changes were frequently observed with high activity during a 30-min observation period. Appearance of estrous signs was determined as the time when an estrous sign was first seen. Disappearance of estrous signs was determined as the time when the last estrous sign disappeared. Duration of estrous signs was estimated as the interval from the appearance to the disappearance of estrous signs.
Detection of ovulation
Ultrasound examinations were performed beginning of the time a declining intensity of estrous signs was detected. Thereafter, scanning of the ovary was performed at 3-h intervals from immediately after blood sampling until ovulation was confirmed. The time of ovulation was defined as the time when the preovulatory follicle disappeared.
Hormone assays
Estradiol-17β was measured in plasma by the previously described RIA [18] . The intra-and interassay coefficients of variation were 10.1% and 13.0%, and the sensitivity was 0.92 pg/ml. Progesterone was measured in plasma by EIA [19] . The intra-and interassay coefficients of variation were 3.4% and 7.4%, and the sensitivity was 0.03 ng/ml. Luteinizing hormone was measured in plasma by RIA [20] in a single assay. The intra-assay coefficient of variation of LH was 11.6%, and the sensitivity was 0.11 ng/ml.
The initiation of luteolysis was determined as described by Sartori et al. [21] with some modifications as follows: it was considered to have initiated on the day before the day on which the diameter of the CL decreased for three consecutive days as determined by ultrasonography and the plasma progesterone concentration decreased to less than 50% of the average for the four maximum concentrations measured in the cycle and continued to decrease.
The LH surge was defined as a sustained rise (for at least two consecutive blood samples) in the plasma LH concentrations exceeding twice the average baseline level. The baseline level was calculated by averaging the plasma LH concentrations for a 6 h period (two samples) preceding a surge.
Statistical analysis
Measured values are presented as means ± SD. Patterns of hormone concentrations in the two groups were compared by repeated measures analysis of variance. Other characteristics such as maximal hormone concentration were compared by the Student's t-test. Data related to appearance or disappearance of each estrous sign and its duration were compared among the different estrous signs (behavior, vulva and vagina) by one-way ANOVA. Post hoc multiple comparisons were made by using Tukey's test. The relationship between intensity of estrous signs and estradiol level was determined by Pearson's correlation coefficient analysis. Differences with P<0.05 were considered significant.
Results
Initiation of luteolysis to ovulation and plasma concentration of progesterone
Luteolysis started on day 16.8 ± 2.2 and day 17.0 ± 1.0 in the lactating and non-lactating cows, respectively, with no significant difference between the groups. While lactating cows showed a higher mean concentration of progesterone during the mid-luteal phase on days 8-14 than non-lactating cows (5.5 ± 1.1 vs. 4.2 ± 0.8 ng/ml, P<0.01), the progesterone concentrations decreased sharply from the day after initiation of luteolysis and were maintained at a basal level (less than 1 ng/ml) from two days after initiation of luteolysis until ovulation in both groups (Fig. 1) . All lactating cows and four of five non-lactating cows ovulated four or five days after initiation of luteolysis, and the remaining non-lactating cow ovulated three days after initiation of luteolysis. The mean intervals from initiation of luteolysis to ovulation were not significantly different between lactating and non-lactating cows (4.6 ± 0.5 and 4.2 ± 0.8 days, respectively), which resulted in similar interovulatory intervals (21.4 ± 1.8 and 21.2 ± 1.0 days, respectively) between the groups.
Plasma concentrations of estradiol-17β and LH
Changes of estradiol-17β and LH concentrations from four days before ovulation to the time of ovulation did not differ significantly between lactating and non-lactating cows, as shown in Fig. 2 . The maximal estradiol-17β concentration (estradiol-17β peak) and AUC of the estradiol-17β concentration from the initiation of luteolysis to ovulation were not significantly different between lactating and non-lactating cows ( Table 1 ). The estradiol-17β peaks were detected 3.2 ± 0.5 and 2.9 ± 0.8 days after the initiation of luteolysis in lactating and non-lactating cows, respectively. The mean interval from the estradiol-17β peak to ovulation did not differ significantly between lactating and non-lactating cows (34.2 ± 4.5 and 30.6 ± 3.9 h, respectively; Table 2), although there were some variations among animals (ranges: 27 to 39 and 27 to 36 h in lactating and non-lactating cows, respectively). After the estradiol-17β concentration reached its peak, an acute increase in LH concentration (LH surge) was observed in all examined cows. The mean intervals from the estradiol-17β peak to the peak of the LH surge were 6.0 ± 3.7 and 2.4 ± 2.5 h in lactating and non-lactating cows, respectively. These values were not significantly different between the groups but varied among animals (ranges: 0 to 12 and 0 to 9 h in lactating and non-lactating cows, respectively). The interval from the peak of the LH surge to the time of ovulation was 27 h, with no variation in the animals of both groups. When a comparison was made in terms of the magnitude of the LH surge between groups, the peak concentration (11.7 ± 3.7 and 14.2 ± 2.8 ng/ml; Table 1 ), AUC (44.5 ± 21.7 and 58.8 ± 13.0) and duration (5.4 ± 2.5 and 6.0 ± 0 h) were not significantly different between lactating and non-lactating cows.
Estrous signs
The proportions of cows ranked as having "conspicuous signs," "moderate signs" and "no signs" in terms of behavior were 2/5 (40.0%), 2/5 (40.0%) and 1/5 (20.0%) in lactating cows, and these values were the same as those in non-lactating cows. On the other hand, vulval and vaginal estrous signs were clearly detected, and their intensities were ranked as "conspicuous signs" in all lactating and non-lactating cows. From these findings, no difference was observed in the intensity of estrous signs between lactating and non-lactating cows. To determine the relationship between the intensity of behavioral estrous signs and the estradiol level, data of all lactating and non-lactating cows were combined and correlations were calculated. The intensity of behavioral estrous signs was not correlated with the peak concentration of estradiol-17β (r = 0.29, P>0.1) or the estradiol-17β AUC (r = 0.20, P>0.1) during the period from the initiation of luteolysis to ovulation.
There was no significant difference in the appearance of each estrous sign and its duration between the groups (Table 3 ). The data of both groups were combined for comparisons among estrous signs. Behavioral, vulval and vaginal estrous signs appeared 2.5 ± 1.3, 2.2 ± 1.2 and 1.6 ± 1.2 days after the initiation of luteolysis, respectively. Vaginal estrous signs appeared 0.8 ± 0.6 days earlier than behavioral signs (P<0.05), and the interval from appearance of estrous signs to ovulation was significantly longer for the vaginal signs than for the behavioral signs (68.9 ± 25.4 vs. 44.8 ± 21.6 h, P<0.01). The interval from disappearance of estrous signs to ovulation was 6.0 ± 5.1 h for the behavioral signs, which was greater (P<0.01) than the intervals for the vulval and vaginal signs (0.4 ± 1.1 and 0.6 ± 1.8 h, respectively) because the vulval and vaginal estrous signs lasted to ovulation in four (80.0%) of the five lactating cows and four (80.0%) of the five non-lactating cows. The duration of vaginal estrous signs (68.9 ± 25.4 h) was significantly longer (P<0.01) than that of behavioral signs (41.3 ± 23.6 h), but not significantly different from that of vulval signs (54.6 ± 22.9 h).
Discussion
Some previous studies have suggested the negative influence of lactation on reproductive function by comparing circulating concentrations of ovarian steroids and gonadotropins in lactating cows with those in non-lactating ones [21] [22] [23] . In the present study, however, no apparent influence of lactation was found on the preovulatory hormonal dynamics as well as behavioral and genital estrous signs during the period from luteolysis to ovulation.
In the present study, the interovulatory intervals were within the normal range (18-24 days [24] ) in all lactating and non-lactating cows. A recent study reported that lactating cows showed longer intervals from spontaneous luteolysis to ovulation (5 or 6 days) than heifers (4 or 5 days) [21] . The longer interval from luteolysis to ovulation could extend the growth period of dominant follicles [23] , which might be related to reduced oocyte quality and subsequent low fertility in dairy cows [25, 26] . However, in the present study, the mean intervals from luteolysis to ovulation were not different between lactating and non-lactating cows (4.6 and 4.2 days, respectively), and these values are comparable to that of heifers in the above study [21] or that of lactating cows in an earlier study in which luteolysis was induced by prostaglandin F 2α [27] .
It is suggested that reproductive physiology has been altered in modern dairy cows owing to high milk production [2] . Recent studies reported that lactating cows have a very high rate of steroid Values are mean ± SD. a) Estradiol-17β concentration at the initiation of luteolysis. b) Maximal hormone concentration before ovulation. c) AUC of estradiol-17β concentration from the initiation of luteolysis to ovulation. Table 2 . Time intervals between the peak of estradiol-17β, LH surge and ovulation in lactating and non-lactating cows Item Lactating (n = 5) Non-lactating (n =5)
Days from initiation of luteolysis to E 2 peak 3.2 ± 0.5 2.9 ± 0.8 Days from initiation of luteolysis to LH peak 3.5 ± 0.5 3.1 ± 0.7 Hours from E 2 peak to ovulation 34.2 ± 4.5 30.6 ± 3.9 Hours from E 2 peak to LH peak 6.0 ± 3.7 2.4 ± 2.5 Hours from LH peak to ovulation 27 27 Values are mean ± SD. E 2 peak: maximal estradiol-17β concentration before ovulation. LH peak: maximal concentration of LH surge.
metabolism in the liver compared with non-lactating cows [28, 29] , which could decrease circulating concentrations of estradiol-17β and progesterone during estrous cycles. Lopez et al. [10] reported that cows with higher milk production (>39.1 kg/day) had lower concentrations of estradiol-17β than cows with lower milk production (<39.1 kg/day). In the present study, the sequence of endocrine changes occurring after luteolysis in lactating cows was very similar to that in non-lactating cows, and the concentrations of estradiol-17β and LH around estrus were not different between lactating and nonlactating cows. As for progesterone, the lactating cows had higher concentrations during the mid-luteal phase than the non-lactating cows. This implies that even if metabolic changes accompanied by lactation elevate the metabolic rate of progesterone in the liver [28, 29] , the lactating cows might have greater production of progesterone in the CL. The lactating cows were in the mid-lactation period (>80 days postpartum), and their milk production (28.4 ± 3.2 kg/day) was not comparable with that in the high-producing cows in the above study [10] . Additionally, their BCS and BW were maintained within a normal level throughout the study. It is likely that if lactating cows are managed under a moderate level of milk production and in good nutritional condition, the effect of milk production on the circulating levels of ovarian steroids might be small, if it exists at all. Moreover, our results found fewer variations in the time from the estradiol-17β peak to ovulation (range 12 h) and the time from the LH surge to ovulation (range 0 h) compared with those reported in recent studies [30, 31] . It is generally accepted that estradiol-17β induces the preovulatory LH surge as an "all or nothing" event. After a certain threshold of estradiol-17β concentration is reached, there will be an LH surge, which results in ovulation [3] . We speculate that the similar peak levels of estradiol-17β observed in the lactating and non-lactating cows would be sufficient to induce an LH surge and ovulation without any alterations.
Behavioral signs of estrus such as restlessness and bellowing were not observed in a low proportion of cows (1/5 of lactating and 1/5 of non-lactating cows), whereas vulval and vaginal estrous signs were clearly observed in both groups of cows. It is well established that estradiol-17β, in the relative absence of progesterone, acts on the hypothalamus to induce estrous behavior [32] . Studies on modern dairy cows have found that the plasma estradiol-17β concentration around estrus was correlated with intensity of estrous behavior [3] and duration of estrus [10] . However, in the present study, lactating cows showed similar appearances of estrous signs to non-lactating cows, and this finding likely reflects similar endocrine profiles in the two groups. Our observations of estrous signs were not sufficient in quantity to evaluate the relationship between the intensity of estrous signs and the estradiol-17β level, but our results may agree with the hypothesis that once a sufficient concentration of plasma estradiol-17β is achieved to induce estrus, additional amounts of estradiol-17β have no further stimulatory effect on expression of the behavior [32] .
It is generally accepted that the intensity and duration of estrous behavior vary among individuals and herd levels [1, 33] because environmental and management factors such as type of housing, herd size and the number of animals in estrus at the same time can affect estrous behavior [34, 35] . Indeed, the cows examined in the present study were kept in individual pens during the frequent sampling period, and their opportunities to interact with other herdmates were limited. On the other hand, the present study showed that the estrous signs in the vulva and vagina were observed more clearly in all lactating and non-lactating cows compared with those related to behavior. Although there are no reports examining the appearance of vaginal estrous signs and their duration in cows by using vaginoscopy, vaginal temperature [14] and electrical conductivity of the vaginal mucus [36] have been reported to be closely associated with the onset of estrus and time of ovulation. At estrus, high levels of estrogens increase blood flow in the reproductive tract, causing increased vaginal hydration and mucous discharge [4] . Besides, estrogens act to dilate the cervix and external uterine orifice during estrus [15] . The present study showed that after the initiation of luteolysis, these characteristic estrous signs in the vagina appeared earlier and continued for a longer period than those related to behavior, although significant differences were not detected between the changes in the vagina and vulva. Several studies suggest that estrus detection based on secondary estrous signs such as mucous discharge from the vagina is less accurate than estrus detection based on standing estrus [16, 33] , resulting in a high incidence of estrus detection error and a low conception rate [16] . It might be difficult to predict the stage of estrus or timing of ovulation by observation of secondary estrous signs alone. However, the fact that estrous signs in the vagina were clearly observed in all cows examined is of practical importance to use vaginoscopic examination as an aid to detect estrus effectively. In summary, the profiles of ovarian steroids and LH from luteolysis to ovulation in lactating dairy cows were comparable with those in non-lactating ones. Behavioral estrous signs were observed in a shorter period and showed more variability among animals than vulval and vaginal ones regardless of lactating status. Therefore, it seems that lactation might not interfere with the preovulatory hormonal profiles, timing of ovulation and appearance of estrous signs.
